Abstract Silicon is a keystone nutrient in the ocean for understanding climate change because of the importance of Southern Ocean diatoms in taking up CO 2 from the surface ocean-atmosphere system and sequestering carbon into the deep sea. Here we report on silicon isotopes and germanium-to-silicon ratios in giant glass spicules of deep-sea sponge Monorhaphis chuni over the past 17,000 years. In situ measurements of Si isotopes and Ge concentrations show systematic variations from rim to center of the cross sections. When calibrated against seawater concentrations using data from modern spicule rims, sponge data indicate that dissolved silica concentrations in the deep Pacific were~12% higher during the early deglacial. These deep Pacific Ocean data help to fill an important global gap in paleo-nutrient records. Either continental sources supplied more silica to the deglacial ocean and/or biogenic silica burial was lower, both of which may have affected atmospheric CO 2 .
Introduction
Silicon (Si) is one of three biolimiting macronutrients for marine phytoplankton growth in the ocean (with nitrogen and phosphorus), especially for siliceous diatoms that control almost 50% of the global sinking flux of carbon from the surface ocean to the deep sea. Information about variations in the silica content of the oceans over geological time is important for understanding changes in the carbon cycle and in atmospheric CO 2 and climate. However, the history of Si concentrations in the deep sea is poorly known. Silicon and its geochemical twin germanium (Ge) are depleted in the surface ocean due to diatom uptake and enriched at depth due to dissolution of sinking diatoms (Froelich & Andreae, 1981; Treguer et al., 1995) . Major inputs of Si and Ge to the upper oceans derive from rivers (erosion and chemical weathering of the continental crust) and from eolian transport (Treguer et al., 1995; Treguer & De La Rocha, 2013) . The deep ocean receives inputs from hydrothermal vents and low-temperature sea floor weathering (King et al., 2000) . Removal from the ocean occurs primarily through the burial of diatom opal that survives dissolution on the seafloor and through reverse weathering in marine sediments (Aller, 2014; Baronas et al., 2017; Rahman et al., 2017; Treguer & De La Rocha, 2013) .
Biogenic silica is an important archive recording paleo-Si and paleo-Ge in seawater (Ellwood et al., 2006; Shemesh et al., 1989) . There are numerous measurements from fossil diatoms that reveal secular variations in the surface ocean (De La Rocha et al., 1998; Mortlock et al., 1991) . However, changes in the deep sea have not been comprehensively studied. There are a few published data of both Ge and Si from siliceous sponges living in the deep sea (Ellwood et al., 2006 Hendry et al., 2010; Hendry & Brzezinski, 2014) , but no microanalyses of both Si isotopes and Ge concentrations in living individuals or fossils from the same single sponge species. Such deep ocean silica proxies may help constrain present-day and past marine Si and Ge cycles and fluxes from continental crustal materials, fluxes associated with sediment diagenesis, and the role of diatoms in affecting CO 2 and climate. Here we report a novel deep ocean paleo-silica archive based on giant spicules of a long-lived Hexactinellid sponge. These sponges extend back in time to at least the early deglacial and are the only solitary spicule specimens that have so far been both calibrated in situ and analyzed along growth axes for paleo-proxies of silica. 
Samples and Sample Preparation
Samples were prepared from 10 segments of five giant spicules of living Monorhapis chuni dredged at depths between 1,110 and 2,100 m from the East China Sea (ECS), South China Sea (SCS), and Southwest Pacific (SWPac) near New Caledonia (Table S5 and Figure S1 in the supporting information). The SCS is a semienclosed marginal sea with a short deep-water exchange time that reflects the current composition of intermediate to deep Western Pacific seawater (Chou et al., 2007) . The sponges were collected from depths shallower than the controlling sill depth of the Luzon Straits (~2,200 m) with the West Equatorial Pacific. The spicules reach lengths up to 2.7 m (Figure 1 ) and are the largest biosilica structure on Earth (Wang et al., 2009; Wang et al., 2011) .
High-Resolution Measurements
Here we report the first microanalyses of Si isotopes and Ge abundances in axial cross sections of the spicules. Each center-to-rim transect was of several millimeter length comprising multiple~100 μm spots. Silicon isotopes were determined by UV femtosecond laser ablation coupled to a MC-ICP-MS (Neptune, Thermo Scientific) at the GFZ Potsdam. Details of the method have been previously described (Schuessler & von Blanckenburg, 2014; supporting information) . Germanium concentrations were determined by LA-ICP-MS at MPIC Mainz (Jochum et al., , 2012 adjacent to the Si isotope analysis using crater sizes of 110 μm (Figure 1 and supporting information).
Seawater Concentrations
We converted Si isotope data of the M. chuni spicules to seawater Si concentrations using our new modern calibration plot of δ 30 Si-sponge versus dissolved Si(OH) 4 for M. chuni derived from the modern (outer rim) δ 30 Si data 1 for our samples in contact with seawater silica ; supporting information). 
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and 4). This modern
Ge/Si ratio is identical to that measured in present-day seawater globally (Froelich et al., 1985 (Froelich et al., , 1992 Froelich & Andreae, 1981; Sutton et al., 2010) (2010), and . The lightly shaded points represent "high silica" data (Griffiths et al., 2013; Hendry et al., , 2015 . The black crosses are "living" biogenic silica (outer rim in contact with seawater) of monospecific M. chuni samples (this paper). The solid red and dashed black lines through the two data sets are linear regressions (r 2 > 0.80 for each). The double-headed horizontal arrow for M. chuni data represents a possible downslope redeposition for sample SCS3 from 119 μM Si at the collection site to~90 μM Si at an assumed 300 to 600 m shallower growth site. Note that slopes of the two calibration lines are parallel. The equation of the published linear calibration line (Hendry et al., 2010) 
Si-sponge) -13.79, almost identical to the "red" calibration data shown here. (Froelich et al., 1992; Mortlock et al., 1991; Shemesh et al., 1989) .
Results
Si and Ge/Si Ratios in Giant Sponges
Silicon isotope ratios in biogenic silica are proxies for Si seawater concentrations because Si isotope fractionation into biogenic silica is a function of seawater Si concentration. Fractionation increases with higher Si concentration, where more negative δ 30 Si indicates higher dissolved silica (De La Rocha, 2003; Hendry et al., 2010; Wille et al., 2010) . The δ
30
Si values for our specimens range from about À0.5‰ to À3.6‰ ( Figure S2 and Tables S1b-S1i), much lower than modern (>1,000 m) seawater δ 30 Si, which is about +1.2‰ to +1.4‰ in Central, Western, and South Pacific and Southern Ocean intermediate and deep waters. In addition to differences in δ 30 Si between the specimens related to the ambient Si concentration (both ocean depth and basin), there are also systematic isotopic variations from the modern rim to the oldest center of the cross sections for all samples, especially for the largest, thickest, and oldest samples, QB and SCS4, which we interpret below as paleo-seawater Si changes. The Ge/Si ratios also vary from rim to center ( Figure S2 and Tables S1b-S1i), within a range of values similar to that observed for other spicules (Ellwood et al., 2006) . (top right) These data were converted to current seawater concentrations of Si and Ge in the deep-sea. The line is the present-day Ge/Si ratio: 0.7 μmol mol À1 (Froelich & Andreae, 1981) .
(bottom left) Derived seawater Si and Ge concentrations versus age of the oldest spicule SCS4. In the deglacial period (11-18 ka B.P.) the Si concentrations are~12% higher and Ge~20% lower than at present. The error bars in these three figures represent overall uncertainties including statistical and calibration errors. (bottom right) Mean Ge/Si ratios (±SD) in seawater predicted from SCS4. The "oldest data" (not connected by lines) are from the central axis and may not represent the oldest silica. See supporting information for the age model.
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Age Estimates
There is an intense debate on the life spans of siliceous sponges, in particular, for Monorhaphis chuni (Jochum et al., 2012; Müller et al., 2010) . Direct dating methods, such as 32
Si (Ellwood et al., 2007 ) and 14 C (Fallon et al., 2010) are not suitable for these spicules (Adell et al., 2003; Koziol et al., 1998; Müller, 2006; Müller et al., 2004; Wang & Müller, 2006 ; see supporting information S1).
To obtain plausible age estimates, we compare our results for δ 30 Si and seawater Ge/Si (Table S4) and Ge/Si at a distance of about 1,600 μm from the rim (Figures 3 and S5 ). This interval likely corresponds to about 11.5 ka B.P., Termination I, and the beginning of the Holocene, as suggested by the nearly identical patterns of Ge/Si in diatoms of the Atlantic and Pacific and seawater δ 18 O. Especially promising is the parallel behavior of the Ge/Si patterns obtained from the sponge SCS4 and diatoms. We will therefore use graphical correlation of the stacked diatom-Ge/Si data as the basis to estimate the lifespan of the oldest spicules ( Figure S5 ). This age model is pinned at three tie points: Modern, Termination I (11.5 ka), and the base of the Ge/Si-defined onset of Southern Ocean deglaciation (~17 ka). It assumes smooth, continuous, and uninterrupted growth rates ( Figure S3 ) and should be considered preliminary and approximate until confirmed. Axial growth rates are about 140 μm/ka, much slower than the 4,300 year old deep sea black coral Leiopathes (<500 μm/ka; Roark et al., 2009 Vasek, 1980; Petralia et al., 2014) .
The presence of fresh tissue on the spicules indicates that the five M. chuni were alive at collection. The life span of these sponges appears to be between about 6 and 18 ka (Table S5) . These tie point ages may be reliable to only about ±1,000 years, but nevertheless provide the late glacial, the deglacial, and the stable Holocene record of the deep sea during the past~18 ka.
Seawater Ge/Si Ratios
Our measurements of spicule cross sections provide continuous records with a potential temporal resolution of several hundred years, containing the entire Holocene and deglacial periods in the oldest spicules, SCS4 and QB. The Si isotopes and Ge abundances in these spicules change significantly with time, implying that either the dissolved Si concentration, the Si isotope composition, or the Ge/Si of the deep sea have changed with time ( Figure 4) . Assuming that the δ 30 Si value of the ocean has not changed significantly (De La Rocha & Bickle, 2005; Opfergelt et al., 2013) , the derived Si seawater concentrations are~12% higher during the glacialdeglacial than at present. In contrast, the derived Ge glacial-deglacial seawater concentrations are about 20% lower. These glacial to interglacial Ge, Si, and Ge/Si changes are virtually identical to those reported from microscopic mélange (mixed species) spicule analyses from cores in the Atlantic and Pacific sectors of the Southern Ocean , the only other work to combine both silica isotopes and Ge/Si data in the same spicules. Similar to Ellwood's interpretations, our spicule data most likely reflect global changes in the seawater inventories of both Si and Ge.
Discussion
Deglaciation
One explanation for changing ocean Si and Ge during the deglaciation could be changes in riverine, glacial, and/or eolian deliveries of silica to the sea (De La Rocha et al., 1998; Froelich et al., 1992) . Changes in marine sedimentary reverse weathering removing Ge into marine sediments during opal dissolution and diagenesis are also likely (King et al., 2000; McManus et al., 2003; Treguer & De La Rocha, 2013) . These external changes infer global changes in glacial silica dynamics that overprint reported changes in local nutrient circulation, redistribution, and upwelling processes.
The (Ge/Si) sponge ratio may be a better indicator of glacial/interglacial changes than absolute abundances of spicule Si and Ge, because Ge sponge contents are dependent on seawater depth (Ellwood et al., 2006) . Our predictions show that Ge/Si ratios at different water depths in the SCS, ECS, and SWPac are relatively constant during the Holocene, averaging about 0.68 μmol mol
À1
, near the Holocene stacked diatom-Ge/Si record of
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The low derived (Ge/Si) spicule in the deep glacial ocean is identical to published ratios from sedimentary diatomaceous silica formed in the glacial subantarctic surface ocean (Figure 3 ; Mortlock et al., 1991) . The agreement of Ge/Si in both deep and surface oceans supports both our age model and also the idea of whole-ocean variations of Ge/Si (Bareille et al., 1998; Ellwood et al., 2010; Froelich et al., 1992) , rather than surface ocean diatom Ge/Si fractionation processes . Glacial and deglacial periods may be characterized by higher continental chemical weathering rates , lower weathering intensity, lower (Ge/Si) river , and/or higher dissolved silica river fluxes with lower δ 30 Si (Froelich et al., 1992; Opfergelt et al., 2013) , as well as increases in eolian dust input (King et al., 2000; Kurtz et al., 2002; Mahowald et al., 1999) . Pulses of detrital glacier flour and ice-rafted debris (IRD) delivered to the high-latitude North Atlantic during abrupt deglaciation meltwater events (Bond et al., 1993) may also have contributed to an enhanced rapid dissolved Si supply to the ocean that appeared "faster" than the "accepted" 10 ka residence time that silica would allow. This response may be similar to the transient deglacial subglacialmeltwater uranium pulses reported to have driven rapid whole ocean changes in 234 U/ 238 U, much faster than the canonical 0.4 Ma residence time for U in today's ocean (Chen et al., 2016) . This silica change could result from a global increase in Si supply (e.g., dust: (King et al., 2000; Kurtz et al., 2002; Mahowald et al., 1999) ; rivers: (Froelich et al., 1992) ) or a decrease in Si removal (e.g., biogenic silica burial: (Anderson et al., 2009) ).
Using whole-ocean Si and Ge balance assumptions (Hammond et al., 2004; Mortlock et al., 1993; Murnane & Stallard, 1990; Wheat & McManus, 2005 ; supporting information) and our measured whole-ocean late glacial to deglacial Si increase of 12% and Ge/Si of 0.55 μmol mol
À1
, we estimate a Si flux from "glacial" rivers (and dust) of 12 Tmol a
, about 25-35% higher than today (Rahman et al., 2017) . In addition, the diagenetic Ge sink, which is responsible for removing almost 50% of the oceanic Ge inputs today ( Figure S4 ), must have been even more important in the more-slowly ventilated glacial ocean with lower bottom water dissolved oxygen and enhanced sedimentary suboxic conditions (Jaccard et al., 2009; Sikes et al., 2000) . If so, then the rapid increase in Ge-and Ge/Si-seawater during the deglaciation may have been enhanced by abrupt reduction of this sedimentary Ge sink from the deep ocean during rapid reventilation from the Southern Ocean (Anderson et al., 2009 ) and changes in the redox state of margin sediments during sea level rise (Jaccard et al., 2009 ).
An alternative possibility is that both the higher Si and the lower Ge/Si of the early deglacial ocean were driven by reduced diatom production and a resulting decline in global marine opal burial. This conjecture is controversial. Reduced burial, if not completely compensated by other losses, would leave the ocean with higher dissolved silica. Because diatom burial does not fractionate between Ge and Si, a decrease in burial would have allowed the diagenetic Ge sink, occurring at a constant rate, to drive the ocean to a lower Ge/Si ratio. If so, then a reduction in diatom production could increase ocean silica and influence phytoplankton production on a global basis.
The feedbacks among these various scenarios are complex and poorly understood but likely involve diatom production. The ocean must somehow reestablish a Si steady state by increasing biogenic silica production to counterbalance decreased burial or by increasing silica burial to counterbalance enhanced continental weathering (De La Rocha & Bickle, 2005) . Si removal into marine authigenic clays (reverse weathering) is likely the ocean's feedback between biogenic silica supply (biogenic production) and continental aluminum supply (weathering) to the seafloor (Aller, 2014) . At any rate, since diatoms carry almost half of the export flux of carbon into the deep sea at a Si:C atom ratio of about 3, changes in the diatom sinking flux must also affect upper ocean and atmosphere CO 2 .
Global Ocean Paleo-Silica Changes
We thus propose that the silicon isotope records in M. chuni spicules during the early deglacial in the western deep Pacific represent changes in the dissolved silica content of the global ocean. There are two lines of evidence. First of all, the Pacific Ocean today contains over 50% of the volume and 70% of global ocean silica content. The Kuroshio Branch Extension circulating from the western Pacific through the Luzon Straits carries North Pacific Intermediate Water (NPIW: You, 2003; You et al., 2005) and North Pacific Deep Water (NPDW: Grasse et al., 2013 ) into the SCS above sill depth (about 2,200 m: Chao et al., 1996) . The exchange time for deep waters is less than 100 years, so the basin is in continuous communication with the Pacific Ocean.
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Thus dissolved silica concentrations and silicon isotope data in the SCS and ECS (Cao et al., 2012 (Cao et al., , 2015 Okubo et al., 2007) derive from the central North Pacific (Beucher et al., 2008; Holzer & Brzezinski, 2015; Reynolds et al., 2006) . Both the NPDW and NPIW are at the "end" of today's ocean conveyor and thus the oldest water in today's ocean and in the glacial ocean (Sarnthein et al., 2013; Sikes et al., 2000) with the highest nutrients, highest TCO 2 , and lowest O 2 . Because the SCS is oligotrophic today and during glacial-deglacial periods (no upwelling), changes in paleo-silica concentrations below the surface mixed layer must have been imported from the open Pacific, and thus reflect the global deep ocean.
Second, there is increasing evidence for "globally near-synchronous pulses of diatom production…" , documented by both increases in biogenic silica accumulation and in bottom water silica concentrations during the deglacial, particularly striking during abrupt North Atlantic surges and collapses of the Northern Hemisphere ice sheets. These silica events have been attributed to increases in local coastal upwelling (winds), enhanced local biogenic silica preservation (burial), and to increased local deep and intermediate water silica concentrations caused by changing paleo-water mass circulation patterns (Anderson et al., 2009; Bradtmiller et al., 2006 Bradtmiller et al., , 2007 Calvo et al., 2011; Chase et al., 2003; Gil et al., 2009; Hendry et al., 2016; Hendry & Brzezinski, 2014; Kienast et al., 2006; Meckler et al., 2013; Romero et al., 2008; Sprenk et al., 2013) . These changes have been most thoroughly studied in the Atlantic and Southern Oceans, where they are dated to the abrupt events radiating from the North Atlantic (Dansgaard-Oeschger events). Taken together, these events could reflect a global deglacial increase and drawdown in whole-ocean-dissolved silica overprinted by changes in local silica dynamics . Ellwood et al. (2010) interpreted their sponge Si isotope and Ge/Si records from the glacial Southern Pacific and Atlantic Oceans as requiring a global Si increase of up to 15% and a global Ge decrease of about 25%, consistent with the magnitude and interpretations from our data. The inferred change in whole ocean δ 30 Si due to this enhanced deglacial deep ocean silica change would be in the same direction as the change we observe in our sponge record-lower glacial-deglacial, higher interglacial-thus having the effect of magnifying the computed dissolved silica change if the continental weathering change were sufficiently large and fast enough to alter deep Pacific δ 30 Si (De La Rocha & Bickle, 2005; Frings et al., 2016) . Whether or not opal burial remained constant during the deglacial transient-in both the real ocean and in ocean models-is of course a critical aspect of connecting ocean silica to atmospheric CO 2 and climate change.
Conclusions
Giant spicules of the long-lived deep-sea sponge Monorhaphis chuni provide a unique archive of climate and deep ocean biogeochemical change, reaching back to at least 17 ka B.P. High-resolution Si isotope and Ge concentration measurements along spicule cross sections indicate significantly higher seawater Si and lower Ge concentrations and Ge/Si ratios during the deglacial and the end of the last ice age. An ocean with transient higher dissolved silica could have influenced diatom production, potentially contributing to lower atmospheric CO 2 and climate cooling.
